Nondestructive measurement of fruit firmness would allow the fruit industry to deliver superior, consistent fruit to the marketplace and ensure consumer acceptance and satisfaction.The objective of this research was todevelop mathematical models to describe the relationship between fruit firmness and multispectral scattering profiles from apples. Scattering images were acquired from Red Delicious apples using two different multispectral imaging systems at wavelengths 680 nm, 880 nm, 905 nm, and 940 nm with a bandpass of 10 nm. Radial scattering profiles were described accurately by a Lorentzian distribution function with three independent profile parameters. Firmness prediction models were constructed using multi− linear regression against twelve Lorentzian parameters for four wavelengths, and they were verified with separate sets of apple fruit. The prediction models gave firmness predictions with the correlation coefficient (r) of 0.82 and the standard error for validation (SEV) of 6.39 N for one set of apple samples, and r = 0.76 and SEV = 6.01 N for another set.
urrently, apples are sorted based on color and size or weight but not on internal quality (Lu et al., 2000) . Firmness is an important internal quality attribute for apples. Considerable research has been reported on instrumental measurement of fruit firmness (Abbott et al., 1997) . The Magness−Taylor (MT) firmness tester is the standard technique for measuring fruit firmness. MT measurements are relatively fast and easy to perform, but samples are destroyed during the testing process (Park et al., 2002) .
Recently, optical techniques, especially near−infrared (NIR) spectroscopy, have been investigated intensively as a nondestructive means for assessing quality attributes of fruits such as firmness and soluble solids content (SSC) (Lammertyn et al., 2000; Lu and Ariana, 2002; Peirs et al., 2000a) . NIR spectroscopy determines the internal quality of fruit by measuring spectral reflectance/transmittance over the visible and NIR region (Lu et al., 2000; Peirs et al., 2002) . Most NIR studies measured reflectance/transmittance over a broad spectral region (Kawano et al., 1993; Lammertyn et al., 1998 Lammertyn et al., , 2000 Lu, 2001; Lu and Ariana, 2002; Lu et al., 2000; Park et al., 2002; Ventura et al., 1998) . This can be time consuming because of the amount of data and the large range of wavelengths to cover, and it may not be the most effective method for determining internal quality of fruit (Natsuga, 1996) .
In analyzing NIR spectroscopic data, several calibration methods are used: classical least squares (CLS), multi−linear regression (MLR) (Budiastra et al., 1998; Ventura et al., 1998) , principal component analysis and/or regression (PCA/PCR) (Lu et al., 2000; Park et al., 2002) , and partial least squares (PLS) (Lovasz et al., 1994; Lu, 2001; Peirs et al., 2000b Peirs et al., , 2002 . Park et al. (2002) investigated NIR spectroscopy for firmness prediction of Gala apples over the visible and NIR region (400−1800 nm). When a PCR model with 24 factors was used to predict fruit firmness, the correlation coefficient for the validation samples was 0.79 with a standard error of validation (SEV) = 7.02 N, greater than the sample standard deviation of 4.72 N. Other researchers used neural networks (NNs) for analyzing spectroscopic and image data (Katayama et al., 2003; Lu, 2003a Lu, , 2004 . NNs are self−adaptive and can model nonlinear relationships between spectral data and chemical/physical properties. However, NNs often require considerable experience/intuition in selecting an appropriate architecture for a given problem and a large number of samples for training the network. The calibration procedures are difficult to understand (Miyajima and Hasegawa, 1993) .
Absorption and scattering are two basic phenomena as light interacts with biological materials. Light absorption is related to certain chemical constituents in the fruit, such as sugar, acid, water, etc. (Williams and Norris, 2001) . Modern reflectance NIR spectroscopy measures an aggregate amount of light reflected from a sample, from which light absorption may be estimated and then related to certain chemical constituents. Hence, NIR spectroscopy has been successful for measuring SSC from whole fruit (Kawano et al., 1993; Lu, 2001; Slaughter, 1995) . On the other hand, scattering is a physical phenomenon that is dependent on the density, cell structures, and cellular matrices of fruit tissue. NIR does not provide quantitative information on light scattering in the C sample, which could limit its capability of measuring fruit firmness (Lu, 2004) .
Several studies have been reported on predicting fruit firmness by using light scattering generated by a laser light source. Cho and Han (1999) and Tu et al. (1995) used a color CCD camera to acquire scattering images from apple fruit generated by a laser diode at a single visible wavelength band and related pixel intensity to fruit quality. McGlone et al. (1997) used a two−parameter phenomenological model to fit the scattering profiles of kiwifruit at 864 nm and then performed linear regressions relating model parameters to fruit firmness. McGlone et al. used a single−channel CCD detector and did not measure the scattering intensities in the area close to the laser beam incident point, where the greatest gradient in the scattering intensity occurred. Although a moderately good correlation between scattering measurements and firmness was obtained, the standard error was high. These preliminary studies reveal that light scattering at single wavelengths is insufficient for constructing an effective linear model for predicting fruit quality (McGlone et al., 1997) . To improve firmness predictions, scattering information for multiple wavelengths should be investigated, and a mathematical model that can cover a greater scattering area, including the part close to the light incident point, needs to be developed.
Recently, Lu (2004) proposed a new method of using multispectral imaging to predict fruit firmness. The multispectral imaging system recorded scattering images from apple fruit for five spectral wavelengths. An NN with inputs of ratios of scattering profiles was used for predicting apple firmness. Results demonstrated that light scattering for four wavelengths is useful for determining fruit firmness. As a continuation of our earlier studies (Lu, 2003b (Lu, , 2004 , this research proposed and identified a more effective mathematical model to characterize light scattering profiles from two−dimensional scattering images for apples at multiple wavelengths, and developed a prediction model to describe the relationship between scattering profile parameters and firmness of apples. To better evaluate the scattering profile model, we analyzed scattering data acquired by two different multispectral imaging systems (Lu, 2003b (Lu, , 2004 .
METHODS AND PROCEDURE

APPLE SAMPLES
Red Delicious apples were harvested from the Michigan State University (MSU) Clarksville Horticultural Experiment Station orchard and a commercial orchard in Michigan in 2001 and from the MSU Horticultural Teaching and Research Farm orchard in East Lansing, Michigan, in 2002. The apples were stored in a controlled atmosphere environment for about four to five months prior to testing. Experiments were performed after these apples had been kept at room temperature (21°C) for at least 15 h. A total of 616 apples were measured for the 2001 harvest (designated test 1) and 585 apples for the 2002 harvest (test 2).
MULTISPECTRAL IMAGING SYSTEMS (MSISS)
Two MSISs were assembled and tested in two consecutive years. Both systems had the same high−performance air− cooled CCD camera (model C4880−21, Hamamatsu Corp., Bridgewater, N.J.), but they used different techniques to acquire multispectral scattering images. The first MSIS was equipped with a rotating filter wheel containing five bandpass filters (680, 880, 905, 940 , and 1060 nm ±10 nm, CVI Laser, LLC, Albuquerque, N.M.) and a neutral density filter (Edmund Optics, Inc., Barrington, N.J.). During image acquisition, each of the five filters was rotated in sequence to obtain five images. The exposure time was set at 1.0 s for the first four filters and 5.0 s for the fifth filter. This MSIS was described in detail by Lu (2004) and was tested with test 1 apples.
The second MSIS was a modified, improved version of the first MSIS using a multispectral imaging spectrograph (Optical Insights, LLC, Santa Fe, N.M.) instead of the rotating filter wheel, so that it acquired spectral images at four discrete wavelengths on a single detector's focal plane simultaneously. Lu (2004) reported that wavelength at 1060 nm was least useful for predicting firmness and SSC. Hence, only four filters were used in the second MSIS. A schematic of the second MSIS is shown in figure 1a . In both systems, the light beam was generated by a 250 W quartz tungsten halogen lamp with a DC control unit (Thermo Oriel, Stratford, Conn.). The beam size was 0.8 mm for the first MSIS and 1.6 mm for the second MSIS with a full divergence angle of 0.024 radians and an incidence angle of 21°. As the light beam hit the fruit, most of the light penetrated into the fruit and scattered in different directions, which generated scattering images at the surface of the fruit (fig. 1b ). The MSIS captured the scattering images from the fruit surface over a 25 mm diameter area.
EXPERIMENTAL METHODS
Spectral scattering images (SSI) were acquired from the equator of each fruit. The first MSIS was used to acquire scattering images from fruit in test 1, and the second MSIS was used for test 2. Firmness was then measured from the same imaging location by using an 11 mm MT probe mounted onto a texture analyzer (model TA.XT2, Stable Micro Systems, Godalming, Surrey, U.K.) at a loading rate of 2 mm/min. Maximum forces recorded during the 9 mm penetration were used as a reference measure of apple firmness. Statistics of firmness data for the apple samples are shown in table 1.
SCATTERING PROFILES
Scattering images were circular and symmetric with respect to the light incident point, and their intensity decreased rapidly as the distance from the light incident point increased. Thus, each SSI could be reduced to a one−dimensional scattering profile through radial averaging. To obtain scattering profiles, the center of individual scattering images should be identified first. Since the light incident area was generally saturated, the saturation area was used to determine the weighted center of gravity (WCG) for each scattering image (Weeks, 1996) . The radial intensity of the scattering profiles was calculated by averaging all pixels within each circular band of a specified width (or pixels). For this study, each circular bandwidth was equal ( fig. 1b ) at intervals of seven pixels (or 0.48 mm) for test 1 and three pixels (or 0.72 mm) for test 2.
After radial averaging, each scattering profile was represented by 26 and 17 data points for test 1 and test 2, respectively, covering the 25 mm diameter area. The data points within and adjacent to the incident area were not useful because they were either saturated or unstable (Lu, 2004) . As such, the first three data points from the center were removed; there were only 23 and 14 data points left for scattering profiles for test 1 and test 2, respectively. Since scattering images are of radial symmetry, a symmetric distribution function (see the next section) should be able to describe the scattering profiles in two axial directions with respect to the origin ( fig.  1b ). Consequently, the scattering distance on the left side of the origin was considered negative and that on the right side was positive. In addition, the scattering profile on each side was shifted toward the incident center by a distance of three data points. This distance shift allowed the mathematical model to fit the scattering profiles more accurately without the influence of light saturation at the incident area, leading to better predictions of fruit firmness (more discussion later). Since all data points were equally distanced, it was more convenient to use the numbers of data points as scattering distances.
MODELS DEVELOPMENT AND VALIDATION
MODELS OF SCATTERING PROFILES
Three distribution functions were investigated for fitting scattering profiles as a function of scattering distance: Lorentzian distribution (LD), exponential distribution (ED), and Gaussian distribution (GD). These functions are commonly used for describing laser profiles and light distribution patterns in optics research (Davis, 1996) . They are mathematically expressed by equations 1, 2, and 3, respectively: 
where x is the distance expressed as number of data points; a 1L , a 1E , and a 1G are asymptotic values of light intensity for LD, ED, and GD, respectively, when x becomes large; a 2L , a 2E , and a 2G are peak values of light intensity at the origin for LD, ED, and GD, respectively; a 3L is the scattering width at 0.5× a 2L for LD; a 3E is the scattering width at 0.37×a 2E for ED; and a 3G is the scattering width at 0.61×a 2G for GD. By using a nonlinear regression algorithm based on the least squares method (LSM), these parameters could be estimated for each scattering profile for the four filters (Draper and Smith, 2002 ). An in−house SSI analysis program was written for fitting LD, ED, and GD functions to scattering profiles for the four wavelengths. Figure 2 illustrates how the three distribution functions fit the scattering profiles at the four wavelengths for an apple fruit from test 1. When the distance (x) is small, the three distribution functions have a steep descending attribute; as x increases, they have a gentler descending attribute. The ED curve was sharp at the origin, and overall it did not fit the data well. The GD curve, on the other hand, underfit the section of the profile where greatest changes in the slope took place. LD had moderate slopes at the section adjacent to the peak and fitted the entire profile well. Among the three distributions studied, LD had the best curve−fitting results with the highest correlation (r 2 = 0.99993, 0.99983, 0.99943, and 0.99999 for filters 1, 2, 3, and 4, respectively) and the lowest standard error of estimate (SEE = 1.55, 8.12, 14.85, and 1.13 for filters 1, 2, 3, and 4, respectively). The same data−fitting trend was found when the three distribution functions were applied to other samples in test 1 and test 2. As a comparison, we calculated coefficients of determination (r 2 ) and SEE obtained with the three distribution models for all 616 apple fruit from test 1 at 680 nm (filter 1). The r 2 values for LD (average r 2 = 0.9978) were consistently higher than those for ED (average r 2 = 0.9932) and GD (average r 2 = 0.9731), and the SEE values for LD (average SEE = 4.37) were lower than those for the other two models (average SEE = 9.64 for ED and 21.27 for GD). For most samples, r 2 values for LD were greater than 0.99 with the average SEE = 4.37. These results again demonstrated that LD was the best mathematical model for representing the scattering profiles of apple fruit. The same outcomes were obtained for the other three filters for test 1 apples, as well as for all filters in test 2. Figure 3 shows how LD fit the scattering profiles for two apples with different MT firmness values (58.22 N and 42.23 N, respectively) . The soft fruit had higher peak values (a 2 = 2163.20, 2558.83, 2370.93, and 1254 .84 for filters 1, 2, 3, and 4, respectively) and greater scattering widths (a 3 = 1.62, 2.23, 2.32, and 2.13 for filters 1, 2, 3, and 4, respectively) than the firmer fruit (a 2 = 531.36 and a 3 = 1.41 for filter 1, a 2 = 2303.90 and a 3 = 2.08 for filter 2, a 2 = 2136.18 and a 3 = 2.18 for filter 3, and a 2 = 1153.14 and a 3 = 1.99 for filter 4). These results demonstrate that scattering profiles for apple fruit are influenced by fruit firmness and that LD parameters, i.e., asymptotic value (a 1 ), peak value (a 2 ), and scattering width (a 3 ), relate to fruit firmness.
PREDICTION MODEL CALIBRATION
When a light beam encounters the fruit, a small fraction is reflected at its surface and the rest penetrates into the fruit tissue. Upon entering the fruit tissue, photons scatter in different directions; some are absorbed by the fruit tissue. Light scattering depends on wavelength and the density, cell structure, and cellular matrices of the fruit tissue (Lu, 2004; McClements et al., 1998) . Firmness is a measure of the mechanical properties of fruit tissue, which are dependent on the density and structure of cells and intercellular matrices (Hang and Woodams, 2002) . Consequently, apple firmness may be estimated indirectly from the scattering profiles with the aid of LD parameters ( fig. 3) .
Multi−linear regression (MLR) analysis was performed between MT firmness and LD parameters. The firmness prediction model consists of four partitions corresponding to the four filters. Each partition has three LD parameters for an individual filter. The prediction model is described by the following equation:
where F is estimate firmness; N is the total number of filters; i = 1, 2, 3, 4; and a 1i , a 2i , and a 3i are asymptotic values, peak values, and scattering widths for LD, corresponding to individual filters. Validation results r = 0.82; SEV = 6.39 (n = 180) r = 0.76; SEV = 6.01 (n = 180) [a] n is the number of apple samples. About 5% samples were removed from the calibration sets and no samples were removed from the validation sets. Figure 4a shows the relationship between MT firmness (f MT ) and estimate firmness (F) for the calibration samples. The estimate firmness was closely related to MT firmness with the SEC being about half the sample standard deviation (SD = 11.53 N) .
Similarly, a calibration model was developed for test 2 apple samples. There were 585 samples in test 2, which were also randomly divided into two groups (405 samples for calibration and the remaining 180 samples for validation) after calculation of LD parameters for all the samples for the four filters. After removing outliers, there were 385 calibration samples left for regression analysis. The calculated model coefficients and calibration results are shown in table 2 and figure 4b. The estimate firmness was also well related to MT firmness for test 2, with r = 0.76 and SEC = 5.91 N. Figure 5a shows the correlation between predicted firmness and MT firmness for test 1 apples. The model was able to predict apple fruit firmness with r = 0.82 and SEV = 6.39 N ( fig. 5a, table 2) . Validation results for test 2 samples are shown in figure 5b and table 2 with r = 0.76 and SEV = 6.01 N. Firmness predictions for both test 1 and test 2 apples are respectable in terms of r and SEV. These results are also in close agreement with those reported by Lu (2003b Lu ( , 2004 when the NN approach was used. The modeling approach proposed in this research is simpler in interpreting the results and would require fewer samples in developing the calibration model. The validation results for both test 1 and test 2 are close to the calibration results ( fig. 5 ), indicating that the multi−linear regression models with the 12 LD parameters were adequate for predicting fruit firmness.
MODEL VALIDATION
DISCUSSION
Among the three models compared, the LD model provided best descriptions of scattering profiles for apple fruit. The finding is not surprising in view of the fact that LD has been widely used to study the spectral shape of chemical and metallic compositions (Bizheva et al., 1998; Tu et al., 1998; Gupta et al., 2003; Klar et al., 1998) . Gupta et al. (2003) used LD to profile a laser power density on the Raman spectrum of silicon nanowires. Klar et al. (1998) used LD to fit with NIR transmission spectra of individual metallic nanoparticles. Sartor (1975) expounded that the spectrum of the intensity of the scattered light followed a Lorentzian line−shape distribution.
In this study, LD parameters (a 1 , a 2 , a 3 ) were determined from the scattering profiles that were shifted to the origin by a distance of three data points after removing saturated areas in the center. This distance shift changed the fundamental relationship between light intensity distribution and scattering distance, specifically LD parameters a 2 and a 3 , as shown in equation 1. The distance shift was necessary because it allowed the Lorentzian function to fit the scattering profiles more accurately. After comparing firmness prediction results obtained with and without the distance shift, it was found that the distance shift not only enabled the LD model to fit scattering profiles better but also greatly improved firmness predictions. As discussed in Lu (2004) , scattering intensities within and adjacent to the incident area should not be used for predicting fruit firmness because they are either saturated or unstable. This was confirmed again in this research.
In addition, we also compared firmness predictions obtained with both linear and quadratic models (results are not given in this article). When a quadratic model was used, firmness predictions for calibration samples were better than those obtained with the linear model. However, when both models were used to predict an independent set of samples (validation), the quadratic model was inferior to the linear model, as measured by r and SEV. This indicates that the linear model is adequate for describing the relationship between LD parameters and MT firmness. Although relatively good firmness predictions were obtained in this research, further improvement is needed for the purpose of sorting fruit into two or three firmness grades. This may be achieved by designing a better light source and selecting more appropriate wavelengths, which will be the focus of our further research.
In this article, two different sets of regression coefficients are reported for Red Delicious apples from test 1 and test 2 (table 2) . This should have been expected because the two MSISs used different optical devices to acquire scattering images, which could have greatly influenced the scattering intensity distributions. Hence, direct comparison of the two sets of regression coefficients would be inappropriate. Despite these differences, the LD function still gave excellent fits to the scattering profiles obtained by both multispectral imaging systems, which demonstrates the robustness of the model for describing multispectral scattering in apple fruit.
CONCLUSIONS
Spectral scattering images at four selected wavelengths were useful for predicting apple fruit firmness. Comparing three mathematical functions (Lorentzian, exponential, and Gaussian), Lorentzian distribution (LD) was best for fitting the scattering profiles for Red Delicious apples acquired by the two different multispectral imaging systems (MSISs).
Parameters of the LD were linearly related to fruit firmness. Multi−linear prediction models were established between LD parameters and fruit firmness with r = 0.84 and SEC = 6.17 N, and r = 0.76 and SEC = 5.91 N for apples tested with the two MSISs. The prediction models were validated with two independent sets of apples with r = 0.82 and SEV = 6.39 N, and r = 0.76 and SEV = 6.01 N. This research demonstrated that the Lorentzian distribution function can describe multispectral scattering profiles from apple fruit accurately and that its parameters can be used to predict fruit firmness.
